and data from a 2 wk field study at a seasonally stratified station in the Aarhus Bight near the Danish coast were used to demonstrate that the vertical distribution of photosynthesis influences both water column oxygen conditions and the fate of the organic material produced. The primary production (PP) occurring below the surface layer, i.e. in the pycnocline-bottom layer (PBL), is shown to contribute significantly to total PP. Oxygen concentrations in the PBL are shown to correlate significantly with the deep primary production (DPP) as well as with salinity, phosphate loading, wind and transparency in the surface layer. The phytoplankton communities detected in the surface layer and PBL during the field study were very different. Large cells, especially Ceratium spp., dominated in the PBL, while small diatoms, mainly Proboscis alata, dominated in surface waters. On the basis of chlorophyll-normalised photosynthetic parameters and variable fluorescence, it is shown that the 2 populations were physiologically distinct. The population in the PBL was photosynthetically active and adapted/ acclimated to lower light than the population in the surface layer. Sinking rates (based on sediment trap collections) of carbon and nitrogen were highest in the PBL. Lyngsgaard et al. (2014; Limnol Oceanogr 59:1679−1690 have demonstrated that the vertical distribution of PP in this region is influenced by anthropogenic nutrient loading. Thus, the present study indicates that eutrophication effects may include changes in the structure of planktonic food webs and element cycling in the water column, both brought about through an altered vertical distribution of PP.
INTRODUCTION
Deep chlorophyll maxima (DCM) have been demonstrated to be a consistent feature in permanently stratified regions, i.e. tropical and sub-tropical seas (see e.g. Sedwick et al. 2005 , Benitez-Nelson et al. 2007 ) and a seasonal feature in many temporal and polar regions (Estrada et al. 1993 , Holm-Hansen & Hewes 2004 . In regions with very high insolation rates, phytoplankton may experience photoinhibition and, therefore, avoid immediate surface waters (see e.g. Platt et al. 1980 , Falkowski 1984 , but in general, the DCM is believed to occur where there is an optimal combination of light and nutrients for phytoplankton growth and production (Klausmeier & Litchman 2001 , Beckmann & Hense 2007 , Ross & Sharples 2007 . In some cases, especially in permanently stratified regions such as the tropics, the DCM does not always coincide with a biomass maximum (Marañón et al. 2000 ) but, rather, is believed to reflect increases in chl a per cell in low light-adapted cells (Claustre & Marty 1995 , Marañón et al. 2000 . However, in seasonally stratified regions, DCMs usually coincide with a biomass maximum (Richardson & Christoffersen 1991 , Richardson et al. 2000 . Initially, it was assumed that DCMs represented accumulations of sinking cells (Riley et al. 1949) . However, in recent decades, it has been demonstrated that DCMs are usually comprised of photosynthetically active phytoplankton originating from sinking cells, advective processes and in situ growth and that they can contribute substantially to overall water column productivity with e.g. up to 75% on a daily basis in the Dogger Bank area (Richardson et al. 1998 ) and up to 30% on an annual basis in the Southern Kattegat (e.g. Richardson & Christoffersen, 1991 , Lyngsgaard et al. 2014 ). Significant subsurface primary production (PP) has been shown to be a feature of stratified areas in various parts of the world oceans (see e.g. Holligan et al. 1984 , Richardson et al. 2000 , 2005 , Kononen et al. 2003 , Veldhuis & Kraay 2004 , Weston et al. 2005 , Hickman et al. 2012 , Martin et al. 2013 .
Phytoplankton populations associated with DCMs often exhibit a different physiological response to light than their counterparts in surface waters, suggesting that they represent communities distinct from those at the surface (see e.g. Richardson et al. 1983 , Moore et al. 2006 . In principle, these physiological differences can result from phenotypic res ponses, i.e. similar species in both surface waters and DCM but with altered composition of the photo synthetic units, chlorophyll content and other physiological responses, and/or genotypic responses, i.e. selection for different species in the 2 layers. Indeed, a number of studies have demonstrated that phytoplankton species composition can vary significantly between surface waters and the DCM (e.g. Furuya & Marumo 1983 , Richardson et al. 2005 ) as well as vertically within the DCM and surface waters themselves (Mouritsen & Richardson 2003) due to in situ growth, interspecific interactions and/or selective sinking linked to the availability of nutrients (Dortch et al. 2001 ). It has also been suggested that photosynthesis occurring in association with DCMs can ameliorate hypoxia in some stratified water systems (Dortch et al. 1994 , Lehrter et al. 2009 , Strom et al. 2010 . Despite these observations, most models describing marine eco systems do not accommodate for potential heterogeneity in the vertical distribution of PP. Specifically, such models tend to ei-ther ignore the production of organic material and oxygen below the pycnocline or assume that PP is linear ly related to light (i.e. without light saturation) and apply only 1 factor for light affinity for all phytoplankton cells (Neumann 2000 , Maar & Hansen 2011 .
PP is known to persistently occur below the surface water layer during summer in Aarhus Bight, a region located centrally in the Baltic Sea transition zone (BSTZ) and where phytoplankton growth and production have been shown to be nutrient limited in the surface mixed layer during the summer months (Jørgensen 1996) . On the other hand, the layer below the surface waters has been shown to exhibit relatively high inorganic nutrient concentrations throughout the summer largely as a result of nutrient release from sediments (Jørgensen 1996) . The production and grazing occurring in the subsurface layer were demonstrated to lead to a greater vertical flux of organic material to the sediment floor from this layer as compared to the surface layer, and several blooms of flagellated phytoplankton forms were observed to occur in the subsurface layer. The oxygen conditions were, however, not analysed in relation to the subsurface PP (Jørgensen 1996) .
Light and nutrients vary throughout the water column and there is no a priori reason to assume that changes in nutrient loading will influence PP in different layers of the water column equally. Lyngsgaard et al. (2014) demonstrated that nitrogen loading from land runoff correlates positively with PP in the surface layer and negatively with PP below the surface layer.
Traditionally, eutrophication effects have mostly been considered in terms of total water column production (e.g. Nixon 1995 , Smith 2003 , Howarth et al. 2011 . The recognition that nutrient loading can influence the vertical distribution of PP calls for a better understanding of production processes and the fate of organic material produced in the different vertical strata of the water column. The purpose of this study was, therefore, to explicitly describe characteristics of phytoplankton populations in the surface layer and below the surface, i.e. in a layer including both the pycnocline and the bottom waters (hereafter referred so as the pycnocline-bottom layer, PBL), in an effort to compare their potential contributions to oxygen conditions in the water column and the functioning of the planktonic ecosystem. We hypothesised that (1) the vertical distribution of PP affects the bottom water oxygen conditions in the BSTZ and (2) that differences in taxonomic composition between communities in the surface layer and in the PBL may lead to differences in sinking rates for the organic material produced by photosynthesis in the different depth strata. These hypotheses were tested using monitoring data collected between 1999 and 2012 and field studies conducted in 2010 in Aarhus Bight (Southern Kattegat). The Kattegat and Belt Seas form the BSTZ and are consistently stratified during summer months where hypoxia is a frequent and reoccurring condition in this area (Conley et al. 2002) .
MATERIALS AND METHODS
This study is based on data retrieved from the Danish National Aquatic Monitoring and Assessment Program (MAPS; Conley et al. 2002) and from a field study carried out in July 2010 on the Aarhus University research ship 'Tyra'. The data from MAPS is publically available in the MADS, ODA and ODAM databases (see following link for the MADS database: www2.dmu.dk/1_viden/2_Miljoe-tilstand/3_vand /4 _ mads_ny/default_en.asp), and the data analysed in this study were recorded at 56°09' 10" N, 10°19' 20" E ( Fig. 1) . The analyses carried out during the field study were conducted following the same procedures as used in MAPS for all measurements that are also reported in that database. All procedures in the monitoring programme have been described in common technical guidelines (Kaas & Markager 1998) , and quality control was ensured by frequent inter-comparisons of data collected by different contributors.
The study approach was to complement a robust dataset of continuous measurements (chlorophyll, fluorescence, photosynthesis versus irradiance curves [P vs. E], photosynthetically active radiation [PAR], oxygen, temperature, salinity and depth) with a detailed field study where sedimentation and phytoplankton community structure and physiology could be compared between the surface and sub surface layers of the water column. General patterns identified in the monitoring dataset were used to ensure that the field study took place during a period where the probability of sampling a DCM was high. The monitoring data were first divided into 2 layers (surface and below surface [PBL]) using physical parameters. Photosynthetic para meters had been measured in both layers and P vs. E curves, together with PAR and chlorophyll derived from fluorescence profiles, were used to calculate the PP in each layer. Oxygen concentrations and related parameters from the monitoring data were analysed with a multiple linear regression method to find the parameters with the largest explanatory power. PP in the PBL was correlated to these oxygen concentrations. The field study examined potential differences in the fate of PP in the 2 strata of the water column. The different methods and procedures used to analyse the time series and the field measurements are described in the following sections.
Study area
The BSTZ can be characterised as a large frontal system where the low-saline surface waters from the Baltic Sea are mixed with the more saline waters coming from the Skagerrak. Aarhus Bight (Fig. 1) is a semi-enclosed area, i.e. open to exchange in one direction only. It is south of the Kattegat and so the deep water masses of the Kattegat are predominantly found here and changes in the water masses in the upper layer can be substantial in connection with outflow from the Baltic (Jørgensen 1996 , Nielsen 2005 . Aarhus Bight, therefore, represents a suitable location for the investigation of plankton dynamics in 
CTD profiles
Profiles of salinity, temperature, chl a fluorescence, PAR and oxygen concentration in Aarhus Bight were extracted from the MADS database for the years 1999 to 2012. Between 1 and 10 (average = 4) CTD profiles were made in each month. During the field study, a Seabird 911 was used. Oxygen concentration and fluorescence were profiled with an SBE 43 with a Clark electrode and a Wetlab fluorometer (model FLNTURT), respectively. The profiling oxygen sensor was calibrated with measurements made on discrete water samples using a dissolved oxygen analyser (SiS DO Analyser, ser. no. 8045). The fluorometer was calibrated with spectrophotometric determination of chl a from discrete depths (see 'Chl a concentration' below). Both the ship and the instruments used have previously contributed to the MAPS programme.
Division of the water column into 2 layers
Salinity and temperature profiles were used to calculate density (ρ) (UNESCO 1981) . A total of 613 density profiles made between 1999 and 2012 were used to calculate the starting depth of the pycnocline, defined with a density criterion value of 1 kg m −3 per m (=1 kg m −4 ). Thus, a pycnocline was defined as be ing present when this density criterion was met at a depth of ≥ 3 from the surface and ≥1 m from above the bottom. This depth interval was chosen in order to exclude short-lived stratification that occasionally develops in the immediate surface waters, i.e. when insolation is high. Waters close to the bottom were ex cluded as there can be CTD noise in very nearbottom waters. The average monthly frequency of the presence of a pycnocline was calculated as the percentage of sampling days when a pycnocline was present.
For each day with a distinct pycnocline, all depths in the water column were assigned to 1 of 2 layers, i.e. either below the surface layer (i.e. in the PBL) or in the surface layer. This made it possible to consider the PP occurring in each layer: surface PP (SPP) and deep PP (DPP), i.e. the PP occurring in the PBL. Note that we do not distinguish whether DPP is occurring in the pycnocline region or below in the bottom layer but simply when PP is occurring below the surface layer. This was because we assume that all oxygen produced by photosynthesis in the surface layer can potentially exchange with atmospheric oxygen, while that produced in the pycnocline region or below cannot. When the density criterion of Δρ/Δz (i.e. changes in density per meter depth) >1 kg m −4 was absent from the water column, all PP was considered as being SPP.
The density criterion chosen here was not intended to identify the depth of the surface mixed layer, as is common in many studies but used rather to deline ate the pycnocline-bottom waters from the remaining water column. The idea was to approach the water column with the 'eyes' of a phytoplankton and divide the water column so that the different environments with respect to oxygen, light and nutrients were separated, and since the surface mixed layer represents a more homogenous environment due to vertical mixing, we found it useful to separate this layer from the remaining water column. The BSTZ shows relatively large density differences between surface and bottom waters and the density criterion is, therefore, relatively high compared to those previously used in the literature to separate water layers in marine systems (Kara et al. 2000 , de Boyer Montégut et al. 2004 . A total of 256 visual inspections of density profiles were made to examine how well the density criterion matched with the depth determined visually as being the shallowest region with a markedly visible density gradient. These indicated a good match in approximately 90% of the cases. In the remaining cases, the density criterion overestimated the depth of the PBL, i.e. placed the starting depth approximately 1 to 2 m deeper (i.e. within the pycnocline) than the visual examination suggested. Thus, our estimate of the thickness of the PBL can be considered as conservative.
Light
PAR was measured with a spherical Licor UW sensor mounted on the CTD rosette during both the field study and the survey programme sampling. Surface PAR (SPAR) was measured at the top of the ship at the same time as the CTD casts and the data stored included the fraction of SPAR in the water column.
Values for the diffuse light attenuation coefficient (K d , m −1 ) were estimated for each profile. PP from both the field study and MAPS was calculated with a second set of SPAR data because of high variation between different ship-based measurements of SPAR. This dataset was comprised of values from different land-based localities in Denmark within approximately 30 to 150 km of Aarhus Bight (see Fig. 1 for placement of locations) that were measured throughout the study period and averaged for every 30 min.
Flow velocities
Observations of flow velocities were made using a 600 kHz WorkHorse Monitor ADCP (Acoustic Doppler Current Profiler) from Teledyne RDI, which was mounted looking downward over the side of the vessel. The depth cell size of the instrument was either 25 or 50 cm, whereas other primary settings, such as the blanking depth (100 cm), the transducer depth (50 cm) and the ambiguity velocity (3.30 m s −1 ) were kept constant. The data were collected using single pings, and the instrument was set to ping as fast as possible resulting in about 1 record per second. Although anchored, the vessel used for the field surveys was in constant motion due to wind, waves and currents. To account for these movements, the velocity of the vessel (found using the bottom track of the instrument) was subtracted. The flow speed of water movement was calculated as a vertical average of the velocity observations made in the 3 depth intervals; 3 to 5 m, 8 to 10 m and 13 to 15 m.
Chl a concentration
Determination of chl a concentration in water samples and sediment trap material was carried out by filtering (0.2 bar generated by a vacuum pump) through Whatman GF/F or GF 75 Advantec filters and extracting the chl a in ethanol (96%) for 6 to 20 h. The extract was centrifuged and absorption at 665 nm was determined spectrophotometrically before and after acidification (1 N HCl), according to the method described by Strickland & Parsons (1972) and modified by Dansk Standard (1986) . Samples from the field study were analysed fluorometrically (TD-700 Turner fluorometer) according to Lorenzen (1967) when the concentration was too low for spectro photometric analysis (sediment traps and size-fractionated samples).
In the field study, chl a was fractioned by size using a vacuum pump (0.2 bar) and glass fibre filters with 3 different pore sizes: 56 µm (NY56.047), 10 µm (NY10.047) and 0.7 µm (Whatman GF/F or G5 75 Advantec). Fresh sample water was used on each filter size so that no water sample was filtered more than once. Thus, we obtained values for chl a originating in plankton retained on filters of 3 different pore sizes. The concentration of chl a from phytoplankton larger than 0.7 µm but smaller than 10 µm was obtained by subtracting the concentration re tained on the 10 µm filter from the concentration found on the 0.7 µm filter. This procedure was re peated to obtain an estimate for the 10 to 56 µm size fraction.
A continuous chl a profile (depth resolution 0.2 m) was constructed from the GF 75 measurements of chl a and profile data for fluorescence. Sampling depths were 1, 5, 10 and 15 m for the survey programme and similarly 3 to 4 depths for the field study (1, 14 m and 1 or 2 samples in between where 1 sample was taken in the PBL chlorophyll peak, if present). Fluorescence per unit chl a changed systematically with depth. Therefore, a fluorescence factor (F chl = F/[chl]) was calculated for each depth with a chl a concentration recorded in the discrete samples. Values for F chl between sampling depths were assigned by linear interpolation and used to estimate a continuous chl a profile, i.e. chl(z) = F(z)/F chl (z).
Primary production
The MADS database contains data on photosynthetic carbon uptake in Aarhus Bight on 225 d during 1999 to 2012 (excluding 2004 and 2009). Each P vs. E curve was based on 7 data points (incubation bottles) and P vs. E curves were established for 2 different depths. To gether with CTD and estimated chl a profiles, these were used to calculate water column PP for each of the sampling dates as described below. The frequency of P vs. E parameter measurements in the database ranged from 1 to 4 mo −1 .
Measurements of PP were carried out following a modified version (Markager 1998 ) of the carbon-14 technique presented by Steemann Nielsen (1952) both in MAPS and in the field study. Samples were taken from 2 depths, i.e. the surface layer and deeper in the water column. The surface layer sample in the MADS data was taken from an integrated surface water sample (from 0 to 10 m, or the depth of the pycno cline) collected either with a hose submerged to 10 m or by combining and mixing bottle samples collected at selected depths in the surface layer. The surface sample in the field study was taken from 1 m. For both the MADS data and the field study, the deeper water sample was taken at the depth of the sub-surface chlorophyll maximum located above the 1% light level. When a subsurface chlorophyll maximum was not present (only in the MADS data), the second depth was chosen to be just below the pycnocline (located by visual inspection of the density profiles). P vs. E curves were calculated from 14 C incubations with artificial light (Osram HQI-T or high pressure halogen lamps) where the samples were incubated at 7 different light intensities for 2 h using the equation in Webb et al. (1974) according to Markager et al. (1999) . The light intensity was adjusted to mimic surface values by moving the position of the lamp. Grids of metal were placed between the samples to achieve light attenuation (each grid attenuated 35% of incident light).
To estimate water column PP, the parameters derived from the P vs. E curves (initial slope of photosynthesis versus irradiance curve [α], light-saturated maximum photosynthetic rate [P max ] and intercept [c]) were normalised to chl a concentrations (measured in the same sample used for measurement of carbon uptake) and extrapolated over the water column. The parameters from the surface sample were assumed to be valid and constant from the surface to the bottom of the surface layer. From there, the parameters were interpolated linearly down to the depth of the second sample and were assumed to be constant down to the bottom.
Volumetric estimates of PP (mg C m −3 h −1 ) were calculated following Eq. (1):
(1) for each depth (0.2 m resolution) at 30 min intervals from the chlorophyll-specific P vs. E parameters, the continuous chlorophyll profile, K d values and SPAR. PAR is the product of surface irradiance and the PAR fraction left at a given depth, PAR fraction = (1 − reflection) exp [−K d (depth − 0.05)]. The surface reflection was assumed to be 6%. A total of 261 PP depth profiles were calculated: 255 from MADS and 6 from the field study in July 2010. Area rates were calculated as the sum over the day for all positive values of carbon uptake.
Annual PP, based on survey data, was estimated by calculating an average monthly rate and then multiplying this by the number of days in the given month. These totals were then added to give annual PP. In the case of missing data (e.g. winter months), a long term average was calculated for the month for which data were missing. In this way, data from other years were used to replace the missing data, i.e. a missing value for November in a given year would be replaced by the average value for November for the study period as a whole.
Phytoplankton
Species identification (species greater than about 2 µm) was carried out following the method de scribed by Utermöhl (1958) . Carbon biomass (µg C l −1 ) was calculated after Strathmann (1967) , and the carbon factors used were 0.13 for thecate dinoflagellates, 0.11 for athecate dinoflagellates and 0.11 for diatoms. For diatoms, the plasma volume was calculated as: bio volume − (0.9 · vacuole volume). It was assumed that the plasma was 1 µm thick and that the vacuole volume contributed 10% to the carbon biomass.
During the field study, determination of phytoplankton species was carried out for 2 discrete depths: surface (1 m) and at the depth of the deep PP sample (8 to 12.2 m). The samples were preserved with acidified Lugol's solution (approx. 2% in the sample) in brown glass bottles and identified by ORBICON A/S (Aarhus). Based on this identification, we were able to characterise the phytoplankton communities in different parts of the water column.
Variable fluorescence using fast repetition rate fluorometry (FRRF)
Variable fluorescence normalised to maximal fluorescence (F v /F m ), which indicates the potential for electron transport in Photosystem II, was measured with a FAST TRACKA II fluorometer (Chelsea Instruments). The FAST TRACKA was used in its profiling mode with the dark chamber enabled and a sinking velocity of maximum 0.2 m s −1 . A single turnover protocol with 12 sequences per acquisition, each of which included 100 saturation flashlets, was utilised. The sequence interval was set to 100 ms. F v /F m was calculated from a saturation phase fit following Kolber et al. (1988) . Only measurements with a qualifying saturation phase were included in the data set. To prevent any influence of previous light history, F v /F m profiles were only collected at night.
Nutrients
Values for dissolved inorganic nitrogen (DIN) and phosphorus (DIP) were extracted from the MADS
database. Measurements of nutrients were conducted on samples from standard depths every 5 m through the water column, starting at 1 m below the surface and ending 1 m above the sediment. An average value for the surface waters (1 m) and one for the waters close to the bottom (10 to 16.6 m) was used to calculate the monthly concentrations shown in Fig. 2 . The depth of 1 m was chosen to represent a single water mass from the surface layer.
Sedimentation
In the field study, sediment traps were deployed on 5 occasions at 6, 10, 12 and 14 m for 24 to 48 h. The traps had duplicate cylinders, each with a diameter of 5.2 cm. They were used without baffles and preservatives. Before re-suspension of the sedimented material, the top layer of water in the cylinders was reduced to 650 ml. Aliquots (duplicates from 1 of 2 cylinders) were also taken for micro scopy, analysis of chl a, and particulate orga nic carbon (POC) and nitrogen (PON) determinations. Correction for the background concentration of suspended matter in the ambient water was made in the calculation of sedimentation rates. One of the cylinders in the trap array was supplied with a petri dish (covering 93% of the trap bottom) containing a high viscosity solution of 8% poly-acrylic-amide (PAA). This was done to catch and preserve intact particles and aggregates entering the trap (Lundsgaard et al. 1999) . After retrieval, the dishes were taken up and the particles were allowed to settle to the bottom. A few drops of formaldehyde were added to the surface for longterm preservation and the dishes were photographed. In addition, aliquots of suspended and sedimented particulate matter from the sediment traps were collected on pre-combusted 13 mm Whatman GF/F filters and stored at −18°C. These were measured for POC and PON on a CarboElba Eager 200 CHN elemental analyser.
Analysis of oxygen saturation in the PBL
To explore the relationship between oxygen saturation in the PBL during the summer months and different environmental variables, a partial least square (PLS) regression was done. The PLS regression combined with a jackknifing analysis was used to identify and select a subset of predicting factors from a selection of potential independent variables during the time period from 1991 to 2012. As PP was only avail-able from 1999 to 2012, it was not included in the PLS regression. The independent variables used in the initial parameter selection were N-loading (t), P-loading (t), freshwater inflow (m 3 ), cubed wind speed (m 3 s −3 ), surface irradiance (µmol photons m −2 s −1 ), salinity (average of the surface layer, no units), water temperature (average of the surface layer, °C) and light attenuation coefficient, K d (m −1 ). Surface irradiance was the same as the one used for PP (de scribed in 'Primary production' above). The cubed wind speed was taken from the Danish Meteorological Institute (DMI) weather station located at Tirstrup (56°19' N, 10°38' E, see Fig. 1 for location) . The re maining parameters were extracted from the MAPS databases. Data on freshwater in flow, N-and P-loading were based on a 3D MIKE SHE groundwater re source model validated on measured total nitrogen concentrations in Danish streams. For model details, see Windolf et al. (2011a) . The hydrological area chosen for this study covered the inner Aarhus Bight (area 44, see Windolf et al. 2011b for area description).
As there may be a lag period between a change in an environmental variable and a response in the biological system, different time periods were examined for a potential relationship between the environmental parameters (independent variables) and the oxygen saturation: The dependent (Y ) variable, in this case oxygen saturation, was constrained to a specific time period (1 July to 30 September). Twelve different time periods for the independent environmental variables were tested against the dependent variable. Six of these periods ended on 1 July, i.e. the start of the time period for the dependent variable and 6 ended on 30 September, i.e. the end of the time period for the dependent variable. The periods tested were 3, 4, 5, 7 and 11 mo prior to the end date and from 1 January of the previous year to either 1 July or 30 September. All data were normalised so that they had a mean of zero and a standard deviation of 1.
The last 4 yr in the data set were chosen for validation and the combination of a reduction in both the root mean square error (RMSE) for the calibration set and the RMSE for the validation set were used to select the set of variables for the PLS regression. The analysis was done in MATLAB ® using a PLS programme package from Eigenvector ® .
The relationship between DPP (expressed in percent of total water column PP) and the average saturation of oxygen in the PBL was analysed by correlating the 2 parameters directly. Values were from the months of July to September during the time period from 1999 to 2012 (excluding 2004 and 2009 when data was not available).
RESULTS

Primary production in Aarhus Bight: 1999 to 2012
The annual average for total water column PP in Aarhus Bight over the period from 1999 to 2012 was 155 ± 38 g C m −2 yr −1 . The highest monthly PP was found during August (24 g C m −2 mo −1 , Fig. 2a ). In contrast, the chl a concentration (integrated over the entire water column) exhibited relatively low values during the months from April to September. The average concentration of chl a peaked during spring (March) and autumn (November) (Fig. 2a ). Integrated chl a concentrations were consistently low during the months when PP and DPP were high (see below).
DPP contributed on average 21% (± 6%) of the annual PP from 1999 to 2012 (Fig. 2b) . The occurrence of a stratified water column meeting the density criterion (Δρ/Δz > 1 kg m −4 ) was most frequent between April and September. June had the highest frequency of days with a stratified water column (96%, Fig. 2b ). The magnitude of DPP was relatively constant throughout the summer months of June, July and August (mean 6.5 ± 0.7 g C m −2 mo −1 , Fig. 2b) . As a percentage of total PP, DPP was most important in June (36%) and July (34%).
The P vs. E parameters showed significantly higher chlorophyll-normalised P max values (P max B ) in the surface layer than in the PBL (t-test, t = 4.03, p < 0.0001). This difference was also found for the light intensity at which photosynthesis is initially saturated, I k (t-test, t = 9.22, p < 0.0001). The opposite was true for the chlorophyll-specific α (α B ) values. Here, samples from the PBL showed significantly higher values than samples from the surface layer (t-test, t = −2.64, p < 0.01).
The average PAR for the water column from 0 to 10 m was 6.8 mol m −2 d −1 (highest in June and July, average = 13.8) and 0.64 mol m −2 d −1 at the depth of Sample 2 in the PBL. The monthly average PAR intensity at the depth of Sample 2 varied from 1.7 to 4.4% of surface (0.1 m) values and never went below 1%. Thus, the second sample depth was placed within the euphotic zone.
The average DIN concentration at 1 m was low from March to October and the average DIP concentration was low from March to September. The bottom water concentrations never went below 2 and 0.2 µmol l −1 for DIN and DIP, respectively (Fig. 2c) . A significant negative relationship was found between the average monthly PP and the average monthly concentration of DIN for the entire water column (r = −0.77, p < 0.005, n = 12). A similar relationship was found for water column PP and DIP (r = −0.85, p < 0.001).
Oxygen saturation in the PBL
Through the PLS regression and the variable selection, we found that average salinity (surface layer i.e. above the PBL) from March to September, light attenuation coefficient (K d ) from June to September, P-loading from August (the year before) to June, and wind from January to June explained the greatest proportion of the variability in oxygen concentration in the PBL (Fig. 3) . All of the 4 variables increased the model's ability to predict the average oxygen saturation in the PBL from July to September. The normalised PLS correlation coefficient showed that oxygen in the PBL was positively correlated with salinity in the surface layer (coefficient of 0.52) and wind (coefficient of 0.48), and negatively correlated with K d (coefficient of −0.05) and P-loading (coefficient of 0.65), which means that oxygen saturation was positively coupled to clear water, high salinity and strong winds, and negatively affected by high P-loading from land. The PLS regression model showed a fit of R 2 = 0.79 (Fig. 3) . When the PLS regression was run with only 2 variables, K d and salinity, it showed a model fit of R 2 = 0.6, and their respective coefficients were higher (salinity = 0.59 and K d = −0.38), suggesting that P-loading and water transparency are connected. The surface layer salinity and K d were significantly and negatively correlated (R 2 = 0.01, p < 0.05, n = 371), whereas the PBL salinity and K d showed no relationship. This means that the surface layer salinity was most important in the prediction of K d , whereas the PBL salinity did not seem to have any explanatory effect. A linear regression between the average salinity of the surface layer and the average salinity of the PBL, including the months from June to September and years from 1991 to 2012, showed that they were significantly and positively related (R 2 = 0.38, p < 0.0001, n = 368). This means that changes in PBL salinity were influenced by changes in surface water salinity. Whether changes in salinity were due to advective processes, mixing between layers or runoff from land was not examined.
The negative impact that P-loading has on the oxygen saturation in the PBL is most likely due to increased growth and production of organic material in the surface layer, which uses oxygen when decomposing on the sediment floor. N-and P-loading are correlated; thus, a relationship with either must be interpreted as being related to nutrient loading more generally. In this case, N-loading was also tested in the PLS regression but showed a lower explanatory power than P-loading. We, therefore, focused on Prather than N-loading for this part of the study. A positive correlation between P-loading and K d (r = 0.61, p < 0.01, n = 22) was found, suggesting that production stimulated by P-loading in the surface layer decreases the amount of light entering the PBL. In addition, the average oxygen saturation in the PBL (July to September, 1999 to 2012) was significantly and positively correlated with the fraction of DPP occurring in this layer during the same time period (Fig. 4) .
Field study in Aarhus Bight: 2010
At the time of the field study in July 2010, the water column was characterised by strong stratification, with the starting depth of the PBL ranging from about 6 to 12 m (Fig. 5a,e ). There was gener- ally a higher concentration of chl a in the PBL than in the surface layer. In addition, during the first week, there were patches of chl a centred on the 1022 kg m −3 iso pycnal, i.e. in the upper region of the PBL (Fig. 5b , starting depth of PBL is marked with a dashed line). During the last half of the study, chl a patches were concentrated on the 1019 kg m −3 isopycnal, also in the upper region of the PBL (Fig. 5f ).
Oxygen saturation was highest in the region of the layer just above and around the starting depth of the PBL (Fig. 5c,g) . The distribution of oxygen saturation did not specifically track the distribution of the chl a concentration, although both were highest in the Temperature and salinity (TS) diagrams (Fig. 5d ,h) show 2 distinct clusters of data points associated with surface and bottom waters, respectively. This suggests that only 2 end-members were present and indicates that the horizontal gradient in the water mass properties in the area was small. However, the baroclinic forcing was strong, showing flows in different directions in different parts of the water column. which may relatively quickly drive either low-saline water masses of the Baltic or high-saline water masses of the Kattegat into the area (Gustafsson 1997) .
The deepest water layer is interesting for the evaluation of possible resuspension into the deepest sediment traps (14 m), and the depth intervals from the upper water column (3 to 5 m and 8 to 10 m) are interesting for the evaluation of the importance of advection for changes in standing stock and oxygen conditions. The progressive vector plot does not show any general or consistent flow direction and velocity.
Phytoplankton
On all sampling dates in the study, the taxonomic composition of the phytoplankton population in the surface layer differed considerably from that found in the PBL. On all but 1 sampling date (14 July), the diatom Proboscis alata dominated in the surface waters while the PBL community was characterised by a high abundance of dinoflagellates, particularly Ceratium spp. Several species were specific to the water layer in which they were found, i.e. never present in the other layer ( South Distance North Fig. 6 . Progressive vector plots of the water masses in the depth intervals: (s) 3 to 5 m, (h) 8 to 10 m and (e) 13 to 15 m based on Acoustic Doppler Current Profiler (ADCP) observations. The plots cover a total of 10 periods where additional water sampling was carried out. For each period the plots start at the solid circle and show the movements of the water masses in time relative to that point. The markers are placed at a time interval of 1 h, allowing the average flow speed to be calculated by measuring the distance in between the symbols. The periods are indicated on the plots as dates (d/mo) and time (h) found exclusively in the PBL (15 to 18 species) on any given day was higher than the number of species found exclusively at 1 m (7 to 14 species). In total, 20 to 26 different species were identified from water samples taken at 1 m and 24 to 36 different species from the deep samples. Thus, both species richness (i.e. the total number of species) and the number of species exclusively found in a specific layer were highest for the deep samples. The carbon biomass of the species found exclusively in the surface layer was only 3.4% of the total carbon biomass found in this layer, with the highest contribution coming from Alexandrium pseudogonyaulax (2.7%). In the PBL, the percent of the total biomass coming from species only found in that layer was 47%, with the highest contributions coming from C. lineatum (26%), C. longipes (10%), and Dinophysis norvegica (9.4%). The remaining species that were unique to this layer each constituted less than 1% of the total carbon biomass found in the PBL. The photosynthesis characteristics for phytoplankton from 1 m and in the PBL (Table 2) indicate that the communities were segregated. Samples from 1 m showed a higher chlorophyll-normalised P max than samples taken from the PBL. This has previously been found in the Celtic and Irish Sea with similar P max values (Moore et al. 2006) . Phytoplankton from the PBL generally exhibited a similar or greater chlorophyll-specific α value (α B ) than phytoplankton from the surface waters at 1 m depth but the difference between the 2 layers was not significant.
The I k values (Table 2) were significantly higher for phytoplankton at 1 m compared to phytoplankton from the PBL (t = 9.22, df = 9, p < 0.0001). The irradiance, PAR, reaching the depth of Sample 2 in the PBL was, on average, 7.5% of surface values (0.1 m) during the field study and it never went below 1% even as deep as 15 m. The average PAR at 1 m was 28.9 ± 1.9 mol m −2 d −1 and 3.6 ± 1.4 mol m −2 d −1 at the depth of Sample 2 (Table 2) .
Carbon to chlorophyll ratios were expected to show highest values in samples from 1 m because the content of chl a has been shown to decrease with increasing light intensities (Cullen 1982) . The values found in this study were, however, highest in the water samples from the DCM on 13, 28 and 29 July. This pattern was not consistent, but in each of the Table 2 . Carbon biomass (µg C l −1 ) for diatoms, dinoflagellates and 'other' (i.e. all remaining phytoplankton groups), the carbon to chlorophyll ratio (C:chl, g g -1 ) and P vs. E parameters: chlorophyll-normalised maximum photosynthesis (P max B , mg C mg −1 chl h −1 ) and slope of the initial P vs. E curve (α B , mg C mg −1 chl mol −1 m 2 ), and the light intensity at which photosynthesis is initially saturated (I k , µmol photons m −2 s −1 ) are shown for samples from 1 m depth and from the pycnocline-bottom layer (PBL) on each sampling date. Average daily photosynthetically active radiation (PAR) is shown in actual values (mol m −2 d −1 ) and as percent of surface (0.1 m) values. Sign. = significant differences (Sign., t-test) between values found at the 2 different layers, *p < 0.05, ***p < 0.0001, ns = not significant. -: not tested deep samples exhibiting a higher carbon to chlorophyll ratio than that of surface samples, there was a large biomass of the dinoflagellates C. lineatum, C. tripos, C. longipes and D. norvegica. Profiles of normalised variable fluorescence showed a consistent pattern of lower values for the effective absorption cross-section of photosystem II (σ PSII ) and higher values of F v /F m in the PBL than in the surface layer (Fig. 7) . This supports the conclusion that there were photosynthetically active phytoplankton in the PBL and that the cells here were, generally, larger than those in the surface waters. The higher σ PSII in the surface waters than in the PBL indicates the presence of smaller cells there than in the deeper waters. Size-fractionated chl a also indicated that large cells were more abundant in the PBL than in the surface layer (Fig. 8) .
Sedimentation
The highest sedimentation rates were consistently found in the deepest samples (Table 3 , Fig. 8 ). The velocity of sinking particulate organic C at 14 m was 2.4 to 4 times greater than sinking rates at 6 m. The pattern of nitrogen sedimentation mirrored that of carbon and the sinking rate increased by a factor of 2.1 to 3.4 between 6 and 14 m. Thus, we consistently found that the material produced in the surface waters sank more slowly than the material in the PBL (t-test, t = −2.42, df = 12, p = 0.032). Pictures of trap material (not shown) from the PBL showed a high number of faecal pellets and of phytoplankton cells of species from the Ceratium genus. No sand grains were observed in the pictures, suggesting that little re-suspended material was being collected in the traps.
DISCUSSION
Concerns about eutrophication effects resulting from anthropogenic nutrient enrichment in coastal seas typically focus on changes in total water column PP as opposed to PP in different layers, as it is assumed that changes in total PP will directly lead to changes in the amount of organic material degraded in the system and, hence, oxygen conditions (see Rabalais et al. 2002) . This study clearly demonstrates, however, that the fate of photosynthetically produced carbon as well as oxygen conditions in the water column are highly dependent upon the vertical distribution pattern of the PP occurring there.
Influence of photosynthesis on oxygen conditions in the PBL
Everything else being equal, the amount of photosynthesis occurring in the PBL will be a function of light penetrating to these depths. Lyngsgaard et al. (2014) demonstrated a significant relationship between surface irradiance and the magnitude of DPP in the BSTZ. The analysis presented here demonstrates that changes in surface water salinity (due to changes in runoff, advective processes and/or vertical mixing) and nutrient loading affect the water transparency and, thereby, light conditions in the PBL. Improved water transparency will in turn stimulate the light-limited DPP. Conditions influencing the water transparency in the surface layer are, thus, important in determining the quantity of the DPP. This is clearly reflected in the PLS regression analysis where K d has the greatest effect on oxygen saturation in the PBL during the summer months from June to September, when nutrients are limiting and DPP highest. Thus, decreased nutrient loading to the surface layer will stimulate DPP, which again will have a positive effect on the oxygen conditions in the PBL during a time where oxygen depletion has been common in Aarhus Bight.
The PLS regression model included 4 variables, which together explained 79% of the variation in oxygen saturation in the PBL. The more variables chosen will, however, also increase the model fit, and we, therefore, chose also to run the PLS regression with only 2 variables. This PLS regression showed a poorer fit when a higher explanatory power was given to the water transparency. This suggests that K d and P-loading are coupled and that water transparency is a key parameter in the prediction of oxygen saturation in bottom waters and is affected by several parameters such as nutrient loading and particle and plankton abundance.
Oxygen saturation in the PBL is, at least initially, a function of physical processes, i.e. advection and vertical mixing (Bendtsen et al. 2009 . Vertical mixing, however, plays a minor role in controlling oxygen conditions in the PBL during late summer, because of the strong water column stratification. As demonstrated in the PLS regression, where wind has the highest explanatory power in winter, spring and early summer from January to June, vertical mixing is most important for oxygen conditions in the PBL during spring and summer, when it is strongest. The oxygen input during summer must, therefore, come from lateral water movement and biological oxygen production taking place in the PBL. The considerable lateral water movement in Aarhus Bight (e.g. as shown in Fig. 6 ) can cause sudden hypoxia situations (Jørgensen 1996) and complicates the analysis of the relationship between the magnitude of DPP and oxygen saturation in the Table 3 . Sinking rate (m d −1 ) for particulate carbon and nitrogen at different depths during the 5 d of sediment trap employments. Average values for the waters in and above the pycnocline-bottom layer (PBL) are noted in the 2 columns on the right. The values of carbon sinking rates above the PBL are significantly lower than the ones found in the PBL (t = −2.42, df = 12, p < 0.05). *p < 0.05 PBL, e.g. an inflow of a deep, saline water mass from the Kattegat could imply either oxygen rich waters or waters depleted of oxygen. The exchange of water masses is particularly strong in connection with storms in the Kattegat or a change in direction of the current through the Belt Sea . This explains some of the variability that has been observed in the long time series that is the subject of this study. Despite the importance of lateral water movement for the oxygen saturation in the PBL, there was a significant and positive relationship between the 2 parameters (Fig. 4) . This indicates that DPP has a positive effect on the PBL oxygen saturation and makes a quantitatively important contribution to the oxygen conditions. DPP is here estimated to contribute approximately 21% of the total annual PP occurring at this station during the period from 1999 to 2012.
From this, we can estimate an annual oxygen production in the PBL of 88 g O 2 m −2 yr −1 , assuming a photosynthetic quotient (PQ) of 1 and a total annual PP of 155 g C m −2 yr −1 . The oxygen demand in the bottom layer has been estimated to vary from 48.8% to 58% (Fossing et al. 2002) of PP. Using these values, DPP can be estimated to contribute 37 to 44% of the annual oxygen demand in the PBL in Aarhus Bight. Note that this study does not differentiate between the pycnocline layer and the bottom layer, and the transport of oxygen from the pycnocline and into the bottom layer remains to be quantified. Nevertheless, during April to August, the PP in the deepest 5 m of the water column (from 11 to 16 m) contributes, on average, 15% to the total water column PP, which indicates that a considerable amount of PP does take place in the near-bottom layer. Benthic PP has not been addressed in this study but has previously been shown to be of considerable magnitude in areas where light reaches the sediment floor (Krause-Jensen et al. 2012) . This would form an additional O 2 source in bottom waters.
In addition to producing oxygen, DPP creates organic material. The degradation of this material will contribute to the respiratory oxygen demand in the PBL following the sinking of the material. However, in contrast to organic material produced in surface waters and sinking to the bottom waters, the oxygen necessary for the degradation of material produced in the bottom waters is compensated for by the oxygen produced by the photosynthesis producing the material in the same layer. Thus, it becomes important when considering the relationship between PP and bottom water oxygen conditions to dif-ferentiate between different layers in the water column.
Phytoplankton communities and production characteristics change when entering the deep layer
Several lines of evidence (i.e. species taxonomy, cell size, variable fluorescence, photosynthetic parameters and water movements) support our initial hypothesis that the water column is segregated into different layers, not only physically but also with respect to ecosystem functioning. The photosynthetic and optical parameters recorded from the phytoplankton communities retrieved during the July 2010 field study from surface waters and the PBL indicate 2 actively photosynthesising populations, each adapted to the specific light characteristics of the water layer in which they are found (for discussion of light adaptation/acclimatisation see, for example, Lindley et al. 1995 , Morán & Estrada 2001 ) and were within the range of previously measured P vs. E parameters from other temperate oceans (Moore et al. 2006) . The relatively high F v /F m values recorded in the PBL support the conclusion that the phytoplankton here were physiologically active and capable of photosynthesis.
Direct comparison of variable fluorescence characteristics between the surface waters and the PBL is complicated by the fact that cell size and taxonomic composition of the community (Suggett et al. 2009 ) and nutrient status (Beardall et al. 2001) have been shown to influence both F v /F m and the effective cross section in photosystem II. We attribute the higher F v /F m and lower σ PSII values found in the PBL relative to the surface to be an indication of a better nutrient status and a shift in cell size from small to larger cells (Suggett et al. 2009 ).
A number of species were characteristic of one specific layer and never encountered in the other layer (Table 1) . Such distinct vertical stratification in species distributions where dinoflagellates are abundant in the PBL has been noted earlier in Aarhus Bight (Mouritsen & Richardson 2003) .
Many of the phytoplankton recorded in the PBL are known mixotrophs (see Stoecker 1999 , Jeong et al. 2010 and references in these papers). That mixotrophy may be an important nutritional strategy of the community in the PBL may explain the relative high carbon to chl a ratios found here on some sampling dates. Dinoflagellates have been shown to contribute more to the carbon than the chlorophyll biomass because they have a high carbon to chlorophyll ratio (Geider 1987 , Tang 1996 . For strictly autotrophic communities which depend on their ability to harvest and utilise light, these carbon to chlorophyll ratios would have been expected to be lower as decreasing light intensities have been inversely related to increases in the amount of chlorophyll per cell (Kiefer et al. 1976 , Cullen 1982 , Falkowski & Kiefer 1985 , Fennel & Boss 2003 . Mixotrophy might also be part of the explanation for why the photosynthesis to biomass ratio, P:B, was considerably lower in the PBL (0.008 to 0.25, mean = 0.1) than in the surface (0.17 to 0.63, mean = 0.38).
Importance of DPP versus SPP for sinking characteristics of particulate material
We would expect (Smayda 1969 ) the large phytoplankton in the PBL to sink more quickly than the smaller cells in the surface layer, and indeed, the patterns of sedimentation rates recorded in the field study reported here suggest this to be the case. We recognise that there can be problems that complicate interpretation of sediment studies made in shallow waters (Buesseler 1991) . However, increased sedimentation rates from the PBL have been observed before in Aarhus Bight (Jørgensen 1996) , and we believe that our conclusion of increased sedimentation in the PBL is robust for a number of reasons.
Re-suspension of bottom material into sediment traps would be the greatest concern in interpreting our results. Lund- Hansen et al. (1999) suggested that the bottom current velocity must be higher than 0.1 m s −1 to actually lift the organic material from the bottom, and Bloesch & Burns (1980) state that it has to be < 0.14 m s −1 in order to avoid re-suspension into the deep sediment traps. The average bottom flow speeds were well below 0.14 m s −1 in this study except during the late night on 26 July, when the bottom flow speed was 0.26 m s −1 .
The high flow rates might have affected the sedimentation results presented in Fig. 8d , i.e. overestimation of the deepest sedimentation velocity. However, the general lack of sand grains in photographed material from all deep sediment traps indicates that re-suspension was not likely to be controlling the sediment trap results.
Implications for ecology
The large amount of faecal pellets found in the sediment traps placed in this study in the PBL compared to those in the surface waters suggests that the population in the PBL was being actively grazed, as previously suggested by Nielsen et al. (1993) . It seems likely, however, that not all components of the PBL community were actively grazed. Several grazers have been shown to avoid the large Ceratium species (Falkowski et al. 1980 and references therein) and these have been shown in other studies to sink intact to the sediment floor (Jørgensen 1996) . Large particle size increases sedimentation rates (Smayda 1969) , and one can, therefore, predict that the larger phytoplankton cell size found in the PBL as well as the presence of faecal pellets would lead to increased sedimentation rates of the material produced in the PBL, as opposed to higher up in the water column. Direct selective sinking of phytoplankton as a response to increased Si/N ratios has also been suggested to increase sedimentation rates (Dortch et al. 2001 ). We did find increased Si/N ratios in the PBL (data not shown), but as we found mostly dinoflagellates in the PBL and obtained photographs showing high abundance of Ceratium sp. in PBL traps, we do not believe that selective sinking of diatoms was the main driver of the increased sedimentation in the PBL. The efficient transfer to the bottom of organic material produced in the PBL indicated by enhanced sedimentation from this layer may provide an important food supply for benthic feeders. This, however, remains to be examined.
It is often assumed that total water column PP, as opposed to PP in specific layers, is the most important factor controlling the plankton food web and carbon flow in the water column. This study demonstrates, however, that the vertical distribution of PP in the water column is important for both oxygen and carbon dynamics and suggests that there is a need to further quantify seasonal development in the vertical distribution of both phytoplankton species and photo synthesis in order to develop a better understanding of the role of phytoplankton in food webs and biogeochemical cycling. 
